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Fusarium graminearum exploits ethylene signalling to colonize
dicotyledonous and monocotyledonous plants
Abstract
Ethylene signalling affects the resistance of dicotyledonous plant species to diverse pathogens but
almost nothing is known about the role of this pathway in monocotyledonous crop species. Fusarium
graminearum causes Fusarium head blight (FHB) of cereals, contaminating grain with mycotoxins such
as deoxynivalenol (DON). Very little is known about the mechanisms of resistance/susceptibility to this
disease. * Genetic and chemical genetic studies were used to examine the influence of ethylene (ET)
signalling and perception on infection of dicotyledonous (Arabidopsis) and monocotyledonous (wheat
and barley) species by F. graminearum. Arabidopsis mutants with reduced ET signalling or perception
were more resistant to F. graminearum than wild-type, while mutants with enhanced ET production
were more susceptible. These findings were confirmed by chemical genetic studies of Arabidopsis,
wheat and barley. Attenuation of expression of EIN2 in wheat, a gene encoding a core component of
ethylene signalling, reduced both disease symptoms and DON contamination of grain. Fusarium
graminearum appears to exploit ethylene signalling in both monocotyledonous and dicotyledonous
species. This demonstration of translation from model to crop species provides a foundation for
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• Ethylene signalling affects the resistance of dicotyledonous plant species to diverse pathogens 
but almost nothing is known about the role of this pathway in monocotyledonous crop species. 
Fusarium graminearum causes Fusarium head blight (FHB) of cereals, contaminating grain 
with mycotoxins such as deoxynivalenol (DON). Very little is known about the mechanisms of 
resistance/susceptibility to this disease.  
• Genetic and chemical genetic studies were used to examine the influence of ethylene (ET) 
signalling and perception on infection of dicotyledonous (Arabidopsis) and monocotyledonous 
(wheat and barley) species by F. graminearum. 
•  Arabidopsis mutants with reduced ET signalling or perception were more resistant to F. 
graminearum than wild-type while mutants with enhanced ET production were more 
susceptible. These findings were confirmed by chemical genetic studies of Arabidopsis, wheat 
and barley. Attenuation of expression of Ein2 in wheat, a gene encoding a core component of 
ethylene signalling, reduced both disease symptoms and DON contamination of grain. 
• Fusarium graminearum appears to exploit ethylene signalling in both monocotyledonous and 
dicotyledonous species. This demonstration of translation from model to crop species provides 
a foundation for improving resistance of cereal crops to FHB through identification of allelic 













Fusarium head blight (scab) is a devastating disease afflicting cereals worldwide, particularly in the 
USA, Europe and China. The predominant causal agent in the USA and Europe is Fusarium 
graminearum (teleomorph Gibberella zeae), a necrotrophic fungal pathogen (O’Donnell et al., 2004). 
In addition to yield losses this disease is of primary concern because of the accumulation of 
trichothecene mycotoxins, such as deoxynivalenol (DON), in grain. Trichothecenes are major 
mycotoxin contaminants of cereals worldwide (Placinta et al.,. 1999), causing feed refusal, vomiting, 
diarrhoea and weight loss and they pose a health threat to humans and animals when exposure levels are 
high. This threat is exacerbated by the recent shift in the F. graminearum population in the USA 
towards greater toxin production and pathogen vigour (Ward et al., 2008). 
 
Host resistance is generally recognised as the most appropriate means to control head blight and to 
minimise the risk to consumers of mycotoxins entering the food and feed chains. Two components of 
FHB resistance are widely recognised: resistance to initial infection (Type 1) and resistance to spread 
within the head (Type 2) (Schroeder & Christensen 1963). In recent years, considerable advances have 
been made in understanding the genetic basis of resistance to FHB and a number of genes and 
quantitative trait loci (QTL) conferring each type of resistance have been reported (Steed et al., 2005; 
Cuthbert et al., 2007). However, largely because of the difficulty of studying this disease, very little is 
currently understood about the mechanisms involved in resistance or susceptibility. DON, however, has 
been shown to function as a virulence factor on wheat and is required to allow the fungus to spread 
within the head (Desjardins et al.,1996; Bai et al., 2001). DON is also known to be a protein synthesis 
inhibitor and is believed to enhance the spread of the fungus within the head by suppressing Type 2 
resistance. To date the only report demonstrating a potential mechanism of resistance is that of DON 
glycosylation associated with the type 2 resistance of the variety Sumai 3 (Lemmens  et al., 2005).  
 
Studies of a wide range of host-pathogen interactions have highlighted the role of three plant hormones 
salicylic acid (SA), ethylene (ET) and jasmonic acid (JA) in mediating defence responses to pathogens 
(Robert-Seilaniantz et al., 2007). The nature of the pathogen and its mode of obtaining nutrients appear 
to determine which pathway is deployed by the host to counter infection (Glazebrook, 2005). SA is 
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predominantly associated with resistance towards biotrophic and hemi-biotrophic pathogens and the 
establishment of systemic acquired resistance (SAR) (Grant & Lamb, 2006). ET and JA, however, 
appear to be involved in regulating defence mechanisms in response to necrotrophic pathogens and are 
also required for induced systemic resistance (ISR) promoted by non-pathogenic, root-colonizing 
bacteria (Van Wees et al., 2000; Geraats et al., 2007). There is evidence that following inoculation F. 
graminearum grows for the first 48 hours without causing host cell necrosis, but it is unclear whether 
the fungus penetrates cells at this time (Kruger et al., 2002). However, the closely related species 
Fusarium culmorum has been shown to produce DON mycotoxin as early as 36 hours after inoculation, 
while growing on the surface of tissues (Kang and Buchenhauer, 1999). After this short period, F. 
graminearum behaves as a necrotroph when causing head blight of wheat and barley, inducing cell 
death as soon as it enters into the cytosol of pericarp cells (Jansen et al., 2005). Thus, it might be 
anticipated that ET and/or JA signalling might play important roles in defence responses to this fungus. 
In contrast to dicot species, almost nothing is known about the role of ET signalling in defence 
responses of monocots.  
 
Wheat heads infected by F. graminearum exhibit bleaching symptoms characteristic of premature 
senescence. It is well recognised that ET is associated with senescence and we hypothesised that ET 
may be playing a role in FHB. The dicotyledonous plant Arabidopsis thaliana has long been used as a 
model species to unravel the molecular basis of host-pathogen interactions but the translation of results 
to monocotyledonous crop species such as wheat is yet to be demonstrated. We recently developed an 
in vitro assay to permit study of the interactions between Arabidopsis and F. graminearum and its 
virulence factor DON (Chen et al., 2006). Here we report our results using this assay to examine 
Arabidopsis mutants compromised in the ET pathway for their response to F. graminearum and 
extended this to test the effect of inhibition of ET perception and enhanced ET on susceptibility to F. 
graminearum. In order to test the transferability of results from Arabidopsis, we extended the chemical 
assays to wheat and barley. Finally, we assessed FHB resistance and DON accumulation in lines of 
wheat attenuated in expression of Ein2 by RNAi (Travella et al., 2006). In this paper we present the 
results on the role of ET in fungal colonisation and disease development in both model and crop plants. 
Our results showed that ET signalling compromises the resistance of Arabidopsis to F. graminearum, 
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resulting in significantly increased colonisation and conidial production. These results were confirmed 
for Arabidopsis by altering levels and perception of ethylene. We also showed that alteration of ET 
levels/perception had similar effects on infection of wheat and barley leaves. Wheat heads and leaves of 
lines compromised, by RNA interference gene silencing, for expression of Ethylene Insensitive 2 (Ein2) 
were significantly enhanced in resistance to F. graminearum. Attenuating ET signalling in wheat had an 
even more pronounced effect on DON accumulation in grain than it did on disease symptoms. Our data 
suggest that F. graminearum exploits ethylene signalling when colonising both dicotyledonous and 

























Materials and Methods 
Plant materials and growth conditions: Arabidopsis 
The Columbia (Col-0) ecotype was the genetic background of all the Arabidopsis plants used unless 
otherwise stated. The ethylene insensitive mutants etr1-1 (18) and ein2-1 (19), were obtained from Dr. 
G. Loake (University of Edinburgh). The wild-type line (Col-0), ethylene insensitive mutant ein3-1, and 
ethylene overproducing lines eto1-1, eto2-1 and ctr1-1 were obtained from the Nottingham Arabidopsis 
Stock Centre (NASC). Plants were grown in a climatically controlled chamber with a relative humidity 
(RH) of 80% under 16h/8h light/dark cycle at 22oC. Leaves from 3 week-old plants were used in all 
experiments. 
 
Inoculation, incubation and assessment of disease symptoms: Arabidopsis 
A detached leaf infection bioassay system was used as described previously (Chen et al., 2006). 
Briefly, rosette leaves were excised and wounded by puncture and the petioles were embedded into 
autoclaved and solidified water agar (0.7%) in square (10x10 cm) clear plastic plates with the leaf 
blade not touching the agar surface. A DON-producing isolate (UK1) of F. graminearum was used 
throughout. Conidial suspension (5 µl of 5 x 105 conidia ml-1) amended with 75 µM DON was 
deposited onto the fresh wound on the adaxial leaf surface. The plates were incubated under a 16h/8h 
light/dark cycle at 22oC (100% RH), and disease severity and conidial production were assessed 6 
days post inoculation (dpi) as described by Chen et al., (2006). Six independent experiments were 
conducted with 8 replicate leaves per treatment in each experiment. 
 
Chemical feeding treatments: Arabidopsis 
Silver ions have been shown to inhibit ET perception (Beyer, 1976). Sterile silver thiosulphate 
solution (50 mM) was added to 0.7% autolaved water agar in 1:500 (v/v) to give a final concentration 
of 100 µM. To enhance ET levels, a freshly prepared basic (pH11) Ethephon solution (50 mM) was 
mist sprayed onto the inner surface of the plate lid. Under alkaline conditions Ethephon breaks down 
to form ethylene, hydrochloric acid, and phosphoric acid. The inoculated leaves are exposed only to 
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the gaseous ethylene. Plates were maintained at 100% RH and incubated as above. Disease severity 
and conidial production were assessed 6 days post inoculation (dpi) as described above. Three 
independent experiments were conducted with 8 replicate leaves per treatment in each experiment. 
 
Chemical feeding treatments: wheat 
Plants of wheat (Hobbit ‘sib’) and barley (Golden Promise) were grown for 14-21 days in controlled 
environment cabinets under 16h/8h 15oC/12oC day/nights with 70% relative humidity. Sections (5 
cm) were cut from the central portion of leaf 2 and wounded in two positions 2 cm from each cut end 
at opposite sides of the mid rib using gently applied pressure with a glass Pasteur pipette. Leaf 
sections were placed in 10cm square plastic boxes containing 1% water agar. Sections were 
suspended above a well removed from the agar and the cut ends of leaf sections were sandwiched 
with a slice of the excised agar. For inhibition of ET perception, agar was amended with silver 
thiosulphate (150 µM). To enhance ethylene levels basic Ethephon (50 mM) was added to the well 
beneath the leaf samples. Leaves were inoculated at the wound sites with conidia of F. graminearum 
(5 µl of 1x106 conidia ml-1). Two experiments were conducted with three replicates of three leaves per 
treatment. Plates were returned to the growth chamber and disease symptoms and conidial production 
were assessed 7 dpi as above.  
 
Inoculation, incubation and assessment of disease symptoms on detached wheat heads 
Spring wheat (Paragon) was grown in pots in an unheated glasshouse. Wheat stems were removed at 
mid-anthesis, held in water and submerged ends cut at the peduncle above the terminal node. Cut 
heads were placed in 15 ml tubes containing water (control) or water amended with silver nitrate (1.5 
mM). Heads were inoculated with conidia of F. graminearum as described by Steed et al., (2005), 
and inoculated heads incubated at 100% RH under a 16h/8h light/dark regime at 15oC/12oC. For each 
treatment 9 heads were assessed and the experiment was repeated three times. Area under the disease 
progress curve (AUDPC) was calculated, as described previously (Gosman et al., 2005), on the basis 
of visual disease symptoms assessed at 5, 7 and 9 days post inoculation (dpi). The experiment was 
repeated three times. 
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Effect of Ein2 silencing on FHB resistance and DON accumulation in wheat 
The spring wheat variety Bobwhite is moderately susceptible to FHB. RNA interference (RNAi)-
induced gene silencing of the Ein2 ET signalling gene has been reported for this variety (Travella et 
al., 2006). The FHB resistance of Bobwhite was compared with that of two transgenic lines (A37 and 
A1) differing in their degree of Ein2 silencing. In line A37, expression of Ein2 was reduced by 
approximately 50 percent relative to Bobwhite while no gene silencing was detected in A1 which 
served as a control for the transformation process. Wheat lines were grown as described above for 
chemical feeding experiments. Two independent experiments were conducted in separate controlled 
environment cabinets to assess separately Type II (point inoculation) and Type I + II (spray 
inoculation) resistance in Bobwhite and the transgenic Ein2 RNAi lines A37 and A1. Heads of each 
line were inoculated at mid-anthesis with conidia of F.graminearum as described by Steed et al., 
(2005). For each line, between 3 and 9 ears per replicate were assessed with a total of 4 replicates per 
experiment. Each experiment was repeated twice. Visual disease symptoms were assessed at 7 day 
intervals for 28 dpi. Spray-inoculated ears were scored as percentage of spikelets showing disease 
symptoms and AUDPC calculated as above. Point inoculated ears were visually scored for number of 
infected spikelets 21 dpi. Data from the two independent experiments of both the spray and point 
inoculation trials were not significantly different and, therefore, data from the two experiments were 
combined. 
 
At harvest, all inoculated heads were hand threshed to retain all grain. Grains from each replicate 
were milled and the flour analysed for DON content using a competitive enzyme immunoassay kit 
(R-Biopharm, Germany) according to manufacturer’s instructions. 
 
Treatment of wheat leaves with DON 
Wheat lines were grown as described above for approximately 21 days and leaf 3 was removed and 
sections prepared as above for the detached leaf assay. Droplets (5 μl) of DON (150 μM) dissolved in 
water, were applied to the wounded areas. Each replicate consisted of six leaf sections, each with two 
inoculation points and four replicates were used. Plates were incubated for 6 days at 22oC 16h/8h 
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day/night before staining with Trypan blue to detect cell death. Lesion areas were analysed using 
ImageJ free software (Abramoff et al., 2004). 
 
Statistical analysis 
The disease severity, conidial production, DON accumulation and lesion area data were analysed by 
generalised linear modelling (GLM) using the software package GenStat release 8.1. Individual 





























ET signalling enhances susceptibility of Arabidopsis to F. graminearum 
In Arabidopsis, the ET signalling pathway plays an important role in defence against necrotrophic 
pathogens such as Botrytis cinerea and Fusarium oxysporum (Berrocal-Lobo et al.,2002; Berrocal-
Lobo & Molina 2004). We examined an ET receptor mutant (etr1-1) and ET signalling mutants (ein2-
1 and ein3-1) for their resistance to F. graminearum to determine whether ethylene perception and 
signal transduction play a role in resistance to this pathogen. In contrast to the Col-0 wild-type line, at 
6 dpi all three mutants showed negligible disease symptoms, or symptoms restricted to the inoculation 
site, (Fig. 1a and 1b). In addition to reduced disease severity, levels of conidial production were also 
severely and significantly reduced relative to the wild-type control (Col-0) (Fig. 1c). Similar results 
were obtained following inoculation of detached Arabidopsis flowers, with conidial production being 
significantly less on ein2-1 than for Col-0 (P=0.047). These results suggest ET signalling is 
implicated in the susceptibility of Arabidopsis to F. graminearum. According to this model, we 
predicted that mutants with constitutive ET signalling would exhibit enhanced susceptibility. To test 
this, we assessed additional lines with mutations relevant to ET signalling such as the constitutive 
triple response mutant ctr1-1, those regulating ET biosynthesis such as eto1-1 and those involved in 
ET biosynthesis such as eto2-1 (a gain-of-function mutant in 1-aminocyclopropane-carboxylate 
synthase ACS5 gene). As anticipated, eto1-1, eto2-1 and ctr1-1 all showed significantly enhanced 
susceptibility to F. graminearum as indicated by more rapid lesion development, and extensive fungal 
growth and conidial production compared to the wild-type Col-0 (Fig. 1). Taken together these 
findings indicate that both ET biosynthesis and signalling function to increase the susceptibility of 
Arabidopsis to infection by F. graminearum. 
 
The experiments with the lines containing genetic mutations in the ET pathway suggest an important 
role of ET in supporting disease development. We then tested whether chemical perturbation of ET 
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levels/signalling would yield similar results. This was achieved by exposing inoculated leaves to 
enhanced levels of ethylene or to silver ions, a potent inhibitor of ET perception. As expected, 
exposure of Col-0 to raised levels of ethylene increased susceptibility in respect of both disease 
severity and conidial production while treatment with silver ions enhanced resistance (Fig. 2a, 2c and 
2d). 
 
ET signalling enhances susceptibility of wheat and barley leaves to F. graminearum 
The results from conventional genetic and chemical genetic studies showed that ET accumulation and 
signalling promote susceptibility of Arabidopsis to F. graminearum, increasing the rate of fungal 
colonisation and disease development. We then used a similar chemical genetic approach to 
determine whether F. graminearum also exploits ET signalling when colonising monocot crop 
species such as wheat and barley. Exposure to enhanced levels of ET led to significantly greater 
conidial production on both wheat and barley (P=0.05 and P=0.005 respectively) while conidial 
production was significantly reduced (P=0.003 and P=0.043 respectively) when ET perception was 
reduced (Figure 2d and 2g). Increasing ethylene levels or interfering with ethylene perception did not, 
however, markedly alter lesion size following inoculation of leaves of wheat or barley although the 
lesion margins tended to be more distinct in the presence of silver ions when ET perception was 
compromised (Fig 2b and 2f). Overall, the results using detached tissues of wheat and barley 
indicated that exposure to raised ET levels enhanced fungal colonisation while reduced ET perception 
decreased fungal colonisation in a manner broadly similar to that seen in Arabidopsis.  
 
ET signalling enhances susceptibility of wheat heads to F. graminearum 
Following spray inoculation of cut wheat heads bleaching symptoms typical of FHB developed on 
heads with peduncles immersed only in water. In all experiments, disease development was slower on 
heads with peduncles immersed in water containing silver ions (1.5 mM). Although the reduction in 
symptoms differed markedly between experiments (12-88%), the AUDPC was significantly lower 




The FHB resistance of the moderately FHB susceptible spring wheat variety Bobwhite was compared 
with that of the partially Ein2 silenced line (A37) and the transformation control line (A1) in both 
point and spray inoculation trials. The former assesses resistance to spread within the head, so-called 
Type 2 FHB resistance (Schroeder & Christensen 1963), while the latter assesses a combination of 
Type 1 (resistance to initial infection) and Type 2 resistance. For both types of inoculation ANOVA 
showed that the two trials did not differ significantly and the combined results are presented. 
Following spray inoculation (assessing the combined effects of resistance Types 1 and 2) Bobwhite 
and line A1 (non-silenced) did not differ significantly (P=0.68) for AUDPC (531 and 571 
respectively). In contrast, for the Ein2 gene-silenced line A37 the AUDPC (122), was significantly 
less than that of the Bobwhite parental line (P<0.001) (Fig 3a). These differences were evident at the 
earliest time point for disease assessment and remained throughout. Similar results were obtained 
following point inoculation (assessing Type 2 resistance only). Bobwhite and line A1 (non-silenced) 
did not differ significantly (P=0.19) in the number of diseased spikelets (6.7 and 8.9 respectively) 
(Fig 3b). The number of diseased spikelets on line A37 (1.6), however, was significantly less than that 
of the Bobwhite parental line (P<0.001) (Fig 3b).  
 
Attenuation of ET signalling through RNAi of Ein2 significantly reduced disease development 
following both spray and point inoculation under high disease pressure indicating that both Type 1 
and Type 2 resistance is enhanced when ET signalling is attenuated. Irrespective of the reduction in 
symptoms it is critical, from the food safety perspective, that the reduction in disease symptoms is 
accompanied by a reduction in mycotoxin accumulation (DON). Most strikingly the accumulation of 
DON in grain of line A37 was reduced approximately 10-fold following both spray and point 
inoculation (Fig 3c and d). The DON content of grain did not differ significantly (P=0.13) between 
Bobwhite and line A1 (39.0 and 49.6 mg kg-1 respectively) while that for the Ein2 gene-silenced line 
A37 (3.2 mg kg-1), was significantly less that that of the Bobwhite parental line (P<0.001) (Fig 3c). 
Similarly, following point inoculation, the DON content of grain harvested from Bobwhite and line 
A1 (50.3 and 45.5 mg kg-1 respectively) did not differ significantly (P=0.56) while the DON content 
of grain of line A37 (6.7 mg kg-1), was significantly less than that of the Bobwhite parental line 
(P<0.001) (Fig 3d). These results demonstrate that attenuation of ET signalling reduced infection and 
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spread of F. graminearum in wheat heads and, most importantly resulted in significantly reduced 
accumulation of DON mycotoxin in grain. 
 
ET signalling plays a role in DON-induced cell death in wheat leaves 
The above results showed that Ein2 plays an important role in susceptibility to spread of F. 
graminearum in wheat heads. Previous reports have shown that DON production by the fungus is 
required to enable spread between spikelets to occur (Bai  et al.,2001; Jansen et al.,2005). We 
reasoned that DON may be functioning to enhance fungal spread, at least in part, through ET 
signalling. To test this we compared the effect of DON on leaves of Bobwhite and the Ein2-silenced 
line A37. Trypan blue staining revealed extensive cell death in both lines following exposure to DON 
(Fig 4a). The size of lesions, however, was significantly less (P<0.001) in A37 than in Bobwhite 
(0.066 and 0.127 cm2 respectively) (Fig 4b). These results indicate that reducing ET signalling leads 












The involvement of ET signalling pathways in host defence has previously been well documented in 
studies with dicot species (Glazebrook, 2005) but almost nothing is known about the role of ET 
signalling in disease resistance among monocots. The role of ethylene in host resistance appears to 
differ, depending upon the pathogen, improving resistance towards some pathogens, but increasing 
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susceptibility towards others (Diaz et al., 2002). The premature senescence of wheat heads infected 
by F. graminearum implicated ET in disease development. To confirm this, we initially used the 
genetic resources available within Arabidopsis to examine the role of the ET signalling pathway in 
resistance towards F. graminearum. Our findings show that attenuation of ET biosynthesis, 
perception and signal transduction in Arabidopsis all result in enhanced resistance to F. graminearum. 
Surprisingly, a previous study involving infection of Arabidopsis with Fusarium culmorum, a close 
relative of F. graminearum found no evidence for a role of ethylene signalling in the response to 
infection of floral organs (Cuzick et al., 2008). It remains to be determined whether the contrasting 
results from these studies reflect differences in the bioassays or pathogen species employed. Reduced 
disease symptoms in ET-insensitive mutants have also been observed in other studies of dicot hosts 
with a number of bacterial and fungal pathogens. For example, the Arabidopsis ET-insensitive mutant 
ein2 displayed reduced symptoms following infection by virulent strains of the bacterial pathogens P. 
syringae pv. tomato and pv. maculicola as well as X. campestris pv. campestris (Bent et al., 1992). 
Similarly in tomato, the ET-insensitive mutant Nr exhibited reduced symptoms when challenged with 
virulent strains of Fusarium oxysporum, Pseudomonas syringae pv. tomato, and Xanthomonas 
campestris pv. vesicatoria (Lund et al., (1998). The reduced symptoms observed in the bacterial 
studies often reflect tolerance rather than resistance because the levels of bacterial growth in the 
mutants were similar to those in the wild type controls. The restricted disease symptoms following F. 
graminearum infection of ET biosynthesis and ET-insensitive mutants, however, represents true 
resistance because reduced disease symptoms in the mutants were always accompanied by reduced 
conidial production by F. graminearum.  
 
The conversion of S-adenosylmethionine (AdoMet) to 1-aminocyclopropane-1-carboxylic acid (ACC) 
by 1-aminocyclopropane-carboxylate synthase (ACS) is deemed to be the rate limiting step in ET 
biosynthesis. ACS is encoded by a multigene family in every plant species examined to date and the 
Arabidopsis ACS gene family encodes nine polypeptides, of which eight can form functional 
homodimers (Tsuchisaka & Theologis, 2004). The ACS5 protein is stabilised in the ET biosynthesis 
mutant eto2-1, leading to enhanced ET production (Vogel et al., 1998). ACS5 is one of the eight 
functional members of ET biosynthesis ACS gene family (Yamagami et al., 2003; Tsuchisaka & 
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Theologis, 2004). Susceptibility to F. graminearum was enhanced in the gain-of-function ACS5 
(eto2) mutant implicating ACS5 in the response to F. graminearum. Previous studies revealed 
characteristic patterns of expression for individual ACS gene family members and suggests that they 
have distinct biological functions (Tsuchisaka & Theologis, 2004). Our results suggest that ACS5 is 
perhaps activated specifically in response to F. graminearum. Indeed, the expression of several ACS 
genes, including ACS5, have been shown to differ in response to different phytohormones (Tang et 
al., 2008). ETO1 is a negative regulator of ET biosynthesis that specifically interacts with the type 2 
subset of ACS isoenzymes, of which ASC5 is a member (Yoshida et al., 2005). Mutation of ETO1, 
also showed enhanced susceptibility to F. graminearum (Fig. 1). The role of ET in enhancing disease, 
as determined by the study of mutant lines, was supported by the responses of wild-type Arabidopsis 
(Col-0) to raised ET levels or interference of ET perception by silver ions. 
 
In contrast to the extensive literature on the involvement of ET signalling pathways in interactions 
between pathogens and dicot species, very few studies have been carried out involving necrotrophic 
pathogens on monocot hosts. Our experiments with chemical amendment of wheat and barley and 
with Ein2-silenced wheat reveals that signalling through the host ET pathway also acts to increase 
susceptibility in monocot species. These results indicate that F. graminearum exploits ET signalling 
to aid colonisation of both dicot and monocot species. Although, there is some evidence that F. 
graminearum grows initially for a short period in a non-necrotrophic manner on the heads of cereal 
hosts (Kruger et al., 2002) our results suggest that the necrotrophic phase of infection may be most 
relevant to symptom development and that it is during this phase that ET signalling is important. A 
number of studies have found ethylene response factor (ERF) genes to be induced in wheat following 
infection by Fusarium graminearum (Han et al., 2005; Zhang et al., 2007). Interestingly, one such 
gene, designated TaERF3, was found to be transiently induced to a greater extent in the FHB 
susceptible line than in the resistant one (Zhang et al., 2007) suggesting an association between ET 
signalling and FHB susceptibility. 
 
Necrotrophs have been shown to activate plant programmed cell death (PCD) pathways to induce 
disease (Dickman et al., 2001). Inhibition of HR-associated cell death by expression of animal anti-
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apoptosis genes in tobacco increases resistance to B. cinerea, a necrotrophic fungal pathogen 
(Dickman et al., 2001), suggesting that the propensity for cell death may predispose the host to 
infection by necrotrophic pathogens. Based on the necrotrophic nature of F. graminearum and its 
strategy for colonisation, it is reasonable to conjecture that ET signalling influences disease 
development through a link to cell death. In dicot species, ET is known to influence cell death in 
response to both biotic and abiotic stress factors. For instance, accumulation of 1-aminocyclopropane-
1-carboxylic acid (ACC) and ET has been shown to be associated with cell death induced by AAL- 
and Fumonisin B1-toxin while inhibition of ET biosynthesis or signalling attenuates cell death 
induced by these toxins (Moore et al., 1999). In Arabidopsis we observed extensive cell death in cells 
adjacent to vascular tissues in advance of extending F. graminearum hyphal tips suggesting the 
presence of a diffusible agent (Chen et al., 2006). Infiltration of DON mycotoxin into leaves of 
Arabidopsis or wheat induces cell death ((Nishiuchi et al., 2006) and Fig. 4). Furthermore, in wheat, 
we showed that DON-induced cell death was significantly less in the Ein2 silenced line than in the 
parental variety Bobwhite. Our results indicate that DON, an acknowledged virulence factor, 
modulates a cell death pathway, at least in part through ET signalling as a strategy for host 
colonisation. Interestingly, other pathogens have been shown to exploit phytohormone signalling to 
colonise plant hosts. Pseudomonas syringae pv. tomato has been shown to hijack the abscisic acid 
signalling pathway in Arabidopsis to cause disease (De Torres-Zabala et al., 2007). Thus it appears 
that plant pathogens may manipulate or exploit plant hormone signalling or homeostasis to suppress 
or overcome defence responses.  
 
Our results provide an example for the successful translation from a dicot model to monocot crop 
species for insight into the molecular basis of a plant-pathogen interaction. The Arabidopsis bioassay 
revealed the role of ET in interactions between plant hosts and an important pathogen of cereals. The 
chemical and genetic studies on cereal hosts confirmed that findings from the dicot species can 
provide valuable insight into interactions in the less tractable monocot crop host. We have shown that 
F. graminearum exploits ET signalling to enhance colonisation of both dicot and monocot species. 
Our understanding of the mechanisms of susceptibility/resistance of cereal crops to F. graminearum 
is currently very restricted. We showed that attenuation of ET signalling in wheat can significantly 
 17
reduce FHB symptom development. Of even greater significance was the finding that attenuation of 
ET signalling in wheat has a proportionately greater effect on DON accumulation in grain than on 
symptom development. On the basis of our present work, we propose that appropriate manipulation of 
ET synthesis/signalling/perception in wheat and barley may provide a means to increase FHB 
resistance and reduce the risk posed to consumers of mycotoxins accumulating in grain. Our work 
provides a framework for improving FHB resistance by targeting allele mining upon relevant ET-
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Figure 1. Assessment of Arabidopsis ET signalling mutants for resistance to F. 
graminearum. (a), representative disease symptoms on leaves of mutant and parent 
plants following inoculation with G. zeae 6 dpi, scale bars = 5 mm. (b), disease 
severity (6 dpi); (c), conidial production (6dpi). Data from six independent 
experiments are presented with standard error. 
 
Figure 2. Effect of reduced ethylene perception (silver ions) or enhanced ethylene 
levels on disease symptoms and conidial production following inoculation of 
Arabidopsis, wheat and barley leaves with F. graminearum. (a) Arabidopsis disease 
symptoms; (c), disease severity scores for Arabidopsis; (e), conidial production on 
Arabidopsis; (b), wheat disease symptoms; (d), conidial production on wheat; (f), 
barley disease symptoms; (g) conidial production on barley. Treatments consisted of 
petioles (Arabidopsis) or cut leaf ends (wheat and barley) embedded in agar (control), 
agar amended with silver thiosulphate (silver) or leaves exposed to ethylene 
(ethylene). 
 
Figure 3. Disease symptoms on wheat heads and DON mycotoxin accumulation in 
grain of wheat differing in gene silencing of Ein2 following spray or point inoculation 
with F. graminearum. Disease score (AUDPC) (a), and DON content of grain (c) 
following spray inoculation. Disease score (number of infected spikelets) (b), and 
DON content of grain (d) following point inoculation. Bobwhite, parental line; 1A, 
transformed line not exhibiting gene silencing; 37A, transformed line exhibiting 
marked silencing of Ein2. 
 
Figure 4. Cell death in leaves of wild-type and Ein2 gene-silenced lines in response to 
DON mycotoxin. (a) Trypan Blue staining revealing cell death in leaves of Bobwhite, 
parental line (two images on left); 37A, transformed line exhibiting marked silencing 
of Ein2 (two images on right) (images are in the same scale). (b) Area of cell death 
about DON inoculation points in Bobwhite and A37 (cm2). 
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